Populations on continental islands are often distinguishable from mainland conspecifics with respect to body size, appearance, behaviour or life history, and this is often congruent with genetic patterns. It is commonly assumed that such differences developed following the complete isolation of populations by sea-level rise following the Last Glacial Maximum (LGM). However, population divergence may predate the LGM, or marine dispersal and colonization of islands may have occurred more recently; in both cases, populations may have also diverged despite ongoing gene flow. Here, we test these alternative hypotheses for the divergence between wedge-tailed eagles from mainland Australia (Aquila audax audax) and the threatened Tasmanian subspecies (Aquila audax fleayi), based on variation at 20 microsatellite loci and mtDNA. Coalescent analyses indicate that population divergence appreciably postdates the severance of terrestrial habitat continuity and occurred without any subsequent gene flow. We infer a recent colonization of Tasmania by marine dispersal and cannot discount founder effects as the cause of differences in body size and life history. We call into question the general assumption of post-LGM marine transgression as the initiator of divergence of terrestrial lineages on continental islands and adjacent mainland, and highlight the range of alternative scenarios that should be considered.
Introduction
The comparison of animal populations on islands with their close relatives on continents has provided striking examples of the potential for rapid divergence between lineages in morphological [1, 2] , behavioural [3 -6] and life-history [7] traits. With respect to examples involving oceanic islands-those emerging from oceanic crust without prior terrestrial connection to other land massesthese divergences most probably occurred under conditions of complete genetic isolation, of duration constrained by the age of island emergence [8] . However, most island biotas are not found on oceanic islands, but rather continental islands-islands that experienced a repeated history of marine isolation and terrestrial connectivity with the adjacent mainland during the Pleistocene, owing to their shared position on a continental plate [8] . Therefore, the circumstances under which the majority of island biotas diverged from that on the adjacent mainland may differ from those inferred for oceanic islands.
Continental islands that are presently separated from adjacent mainland by seaways shallower than 100 m would have experienced multiple cycles of connection via continuous terrestrial habitat, and subsequent isolation via marine & 2013 The Author(s) Published by the Royal Society. All rights reserved.
transgression, during the last 3 Myr [9] , assuming that any tectonic uplift or subsistence in the region was minor. The most recent isolation event is represented by the marine transgression following the Last Glacial Maximum (LGM, 26.5-19.0 kya), during which sea levels were up to 120 m lower than the present [10] . Three or possibly four marine transgressions of similar magnitude have occurred during the last 0.5 Myr, and additional transgressions of less certain magnitudes occurred earlier during the Pleistocene [11] .
Despite the number and significance of continental island biotas (e.g. Taiwan, Indonesia, New Guinea, Sri Lanka, Britain), their divergence from those on the adjacent mainland has received somewhat less attention than those of oceanic islands. Divergences of continental island biotas are often assumed to reflect vicariant isolation from the adjacent mainland during the marine transgression that followed the LGM (figure 1a), without full consideration of alternative hypotheses [12] . Even if divergence was initiated by the most recent marine transgression, divergence may have continued under gene flow in taxa with marine dispersal capability ( [13] ; figure 1b). Similarly, divergence may have been initiated by an earlier event (not necessarily a marine transgression), and proceeded through subsequent periods of terrestrial connectivity, either with or without gene flow ( [14] ; figure 1c,d). Finally, marine dispersal, rather than terrestrial vicariance, may have initiated the divergence of lineages through the establishment of the island (or potentially mainland) lineage, analogous to the default situation invoked for geologically recent oceanic islands, and again, divergence could have proceeded either with or without subsequent gene flow ( [15, 16] , figure 1e,f). Knowledge of which biogeographic scenarios have operated is important to achieve a greater understanding of the processes that have led to the distinctiveness of lineages on continental islands compared with their mainland relatives (e.g. potential for local adaptation, phenotypic plasticity or founder effect divergence), and can now be tested under analytical frameworks that estimate the age of population divergence, subsequent rates of gene flow and population sizes [17] [18] [19] [20] [21] [22] .
The island of Tasmania provides an excellent framework to investigate these alternative lineage divergence scenarios for continental island and mainland taxa. Tasmania is presently separated from mainland Australia by an expansive (approx. 240 km) but shallow (less than 70 m; figure 2; [23] ) seaway (Bass Strait), with high tectonic stability, such that repeated terrestrial connections existed during the Pleistocene, most recently during the LGM [10] . Tasmanian and mainland populations of several species have also undergone trait divergence with respect to morphology, physical appearance, behaviour and life-history characters [24] [25] [26] . In particular, a high proportion of the Tasmanian terrestrial avifauna (20 out of 145 species) exhibit divergence from mainland relatives at a level considered worthy of subspecies recognition [27] .
The wedge-tailed eagle (Accipitridae: Aquila audax) is Australia's largest bird of prey (wingspan 1.9-2.3 m, mass 3.5-5.5 kg) [28, 29] and represents an ideal species to test alternative scenarios for the divergence of continental island and mainland lineages. Firstly, A. audax is presently widespread across Tasmania, mainland Australia and parts of New Guinea, and is found in almost every habitat available, including deserts, grasslands, forests and alpine herbfields [28] . This suggests an ability to occupy the landbridge between Tasmania and the mainland when it was exposed, enabling vicariance-mediated divergence. Secondly, the species exhibits long-distance terrestrial dispersal by non-breeding juveniles of up to 800 km [30] . Thus marine dispersal, either subsequent to the initiation of population divergence (i.e. gene flow), or as the initiator of divergence itself (i.e. colonization), can also be realistically entertained. Suggestions of a vagrant on King Island, at the western margin of Bass Strait, may indicate marine dispersal capability assuming that it was correctly identified [31] . Thirdly, there is reputedly trait divergence between Tasmanian and mainland populations; Tasmanian adults are darker in colour [28, 32, 33] , larger in body size [34, 35] , roost only in trees and produce smaller clutches (usually one egg, versus usually two on the mainland) [29, 36] . Consequently, mainland and Tasmanian populations have been recognized as distinct subspecies (mainland: A. a. audax; Tasmania: A. a. fleayi) [32] , with the latter listed as endangered under the Tasmanian Threatened Species Protection Act 1995 and the Environment Protection and Biodiversity Conservation Act 1999 [37] . The wedge-tailed eagle feeds on both live prey and carrion, comprising reptiles, birds and mammals, particularly rabbits and hares, and appears to breed in solitary and monogamous pairs, with a longevity of up to 20 years in the wild [28, 38] .
The aim of this study was to test the alternative biogeographic scenarios under which Tasmanian and mainland rspb.royalsocietypublishing.org Proc R Soc B 280: 20132448 populations of A. audax diverged, specifically, the duration of their divergence with respect to the dynamic history of terrestrial connectivity between these regions and the amount gene flow that may have occurred between these populations while undergoing divergence. We surveyed genetic variation in mitochondrial DNA (control region and the ATPase 6/8 genes), and at 20 nuclear microsatellite loci, and used the 'Isolation with Migration' framework of Hey & Nielsen [17] to address these questions, along with more traditional population genetics tests for population isolation. rspb.royalsocietypublishing.org Proc R Soc B 280: 20132448 CO2GQL (GGA CAA TGC TCA GAA ATC TGC GG) and CO3HMH (ATG GGC TGG GGT CRA CTA TGT G), or in two smaller, overlapping fragments using primers Eagle CO3 F1 (GGG GCT AAC CAC AGC TAC AT) and Eagle ATPase R1 (CCT AGT AAG TTG ATT GTT AGT AGG AGA), and ATPase F1 (ACC CCT AAA TAA AGG AGG ACA) and Eagle CO2 R1 (ATG GGC TGG GGT CGA CTA T). Each PCR (25 ml final volume) contained 1Â Hotmaster buffer, 0.2 mM each dNTP, 0.2 mM of each primer and 0.5 units of Hotmaster Taq DNA Polymerase (5 PRIME). Thermocycling comprised an initial denaturation and enzyme activation at 948C for 2 min, followed by 35 cycles of denaturing at 948C for 20 s, primer annealing at 558C for 10 s, and elongation at 658C for 1 min. Samples then underwent final elongation and adenylization for 10 min at 658C. Positive PCRs were purified using AMPure (Agencourt) following manufacturer's instructions, and both strands were sequenced using BigDye 3.1 Sanger sequencing chemistry and an Applied Biosystems 3130XL DNA Analyzer. Mitochondrial DNA sequences were aligned, and homogeneity of haplotype frequencies among Tasmanian and mainland populations was examined using exact tests in ARLEQUIN 3.5 [39] , which was also used to quantify population structuring via F ST based on haplotype frequencies alone. A minimum spanning network was constructed using ARLEQUIN.
Material and methods (a) Sampling

(c) Microsatellites
Individuals were genotyped for 20 polymorphic microsatellite loci (electronic supplementary material). Allele scoring was performed using GENEMAPPER 4.0 (Applied Biosystems). Allele frequencies in each population were tested for concordance with Hardy-Weinberg equilibrium and genotypic disequilibrium using Genepop [40] . Tests of Hardy-Weinberg equilibrium were performed using an 'Exact H-W test', with complete enumeration of p-values whenever there were less than five alleles [41] , otherwise estimation of p-values via 1000 Markov chain batches [42] . Tests of genotypic disequilibrium used the log-likelihood ratio statistic and 1000 Markov chain batches [40] . Sequential Bonferroni correction was applied for multiple tests [43] . Allele frequency homogeneity between Tasmania and the mainland was examined using G tests in Genepop, with 1000 Markov chain batches, and population genetic structuring (G ST and G 00 ST ) was quantified using GenoDive [44] .
Bayesian clustering was employed to test for the presence of individuals that may have recently dispersed across Bass Strait, or their descendants, or population structuring within Tasmania or the mainland that may require specific accommodation during subsequent coalescent analyses of population divergence. Bayesian clustering employed STRUCTURE 2.3.3 [45] with 100 000 Markov chain batches under the population admixture model with correlated allele frequencies, and potential values of K (number of population clusters) between one and five. Selection of the optimum number of clusters followed Evanno et al. [46] , based on 20 replicate analyses for each value of K, assessed using STRUCTURE HARVESTER [47] .
Levels of genetic variation between Tasmanian and mainland populations (number of alleles, H o and H e at each locus) were compared using a one-tailed Mann Whitney U-test, under the expectation that the island population would exhibit lower variation [48] . The effective inbreeding coefficient,
where H I is the expected heterozygosity of the Tasmanian population, and H M is the corresponding value for the mainland population, was calculated to place into the context of values observed for other island-mainland comparisons and populations suffering from inbreeding depression [48] .
(d) Coalescence analysis
The age of divergence between mainland and Tasmanian populations and the level of gene flow during divergence was assessed under the 'Isolation with Migration' framework of Hey & Nielsen [17] , employing IMa2 [49] . Mitochondrial and microsatellite markers were analysed concurrently to estimate the six parameters of the model (two contemporary and one ancestral population size, divergence time of populations and rates of post-isolation gene flow between populations in each direction). The HKY mutation model was employed for mtDNA sequence data, while the stepwise mutation model (SMM) was employed for microsatellites. Two microsatellite loci were excluded from the analysis as they exhibited alleles inconsistent with SMM (Aau348, Aau89; allele size differences that suggest changes other than the repeat number of the microsatellite motif). To expedite the analysis, a random subsample of 30 Tasmanian and 30 mainland individuals were selected for analysis (containing data for mtDNA and all microsatellite loci).
Information on generation time and mutation rate is required to convert the output of IMa2 into units of years and individuals. Good life table data for A. audax are lacking. Sexual maturity is thought to be attained at 4 -6 years, but age of first reproduction also depends on the procurement of a breeding territory and a mate and is thought to take 6-7 years [28] . Mortality is high during early life, but longevity is thought to extend to 20 -25 years [38] . Therefore, we employed 10 and 15 years as estimates for the average age of successfully reproducing individuals. Mitochondrial mutation rates were employed in the analysis, against which mutation rates at the nuclear loci would be scaled. Estimates of rates for birds vary widely and also appear to vary in a time-dependent manner [50, 51] . Here, we started with an initial value of 2.1% sequence divergence per million years [52] , but then explored the consequences of using a faster rate that may be more applicable to reconstructing demographic history over recent (less than 100 000 kyr) timescales [53] . Failure to entertain time-dependent rates of molecular change will lead to overestimation of divergence time and population sizes, and underestimation of gene flow [53] .
Prior distributions were constructed following the guidelines in the IMa2 manual. Uniform priors were employed for population size and divergence time parameters, while exponential priors were employed for gene flow, given an expectation that low rates of gene flow were likely. Upper limits on uniform priors of u ( ¼ 4N e m) for contemporary populations were initially five times the largest population geometric mean of u among microsatellite loci and mtDNA, and that for ancestral u was the sum of the two. For microsatellite loci, u hom was calculated using the SMM method of Ohta & Kimura [54] , and u p was calculated for mtDNA, both using ARLE-QUIN. The upper limit of the uniform population divergence time prior was set in a manner to encompass the last approximately 80 kyr when accommodating a rapid mtDNA mutation rate (0.1/ site/lineage/Myr). This accommodates population divergence scenarios that occurred coincidentally (vicariant divergence), after, and substantially before the most recent inundation of Bass Strait. Exponential priors for gene flow were set around a value approximating a mean of 1 individual per generation.
An initial run was conducted until stationarity was achieved, employing MCMC sampling with 80 chains, a geometric chain heating scheme with first and second heating parameters of 0.95 and 0.5, respectively, and eight chain swap attempts per step. This was then used to seed 24 independent 24-h runs each with a short (4 h) burn-in, but otherwise using the same parameters as above. These 24 runs produced a total of 334 814 genealogies for analysis of model parameters. Following Bonferroni correction, only locus Aau252 from the mainland population deviated from Hardy-Weinberg equilibrium. Only genotypic disequilibrium was found for the three possible comparisons among Aau190, Aau299, and Aau89. Levels of genetic variation were significantly lower in the Tasmanian population relative to the mainland population with respect to number of alleles per locus, H o and H e (U 0.05(1),20,20 ¼ 288, 291 and 293, respectively, p , 0.01; table 1). In particular, three loci were monomorphic in the Tasmanian population, in comparison to none in the mainland population, despite almost three times as many Tasmanian individuals in the dataset. The effective inbreeding coefficient for the Tasmanian population relative to the mainland population was F e ¼ 0.41.
Results
(b) Population structuring
Bayesian clustering of individuals based on microsatellite genotypes without prior population collection information suggested two populations, corresponding to mainland and Tasmanian individuals (mean Ln Pr(XjK) ¼ 25883.355) (figure 4). The degree of genetic structuring between the two populations was quantified as F ST ¼ 0.234 for mtDNA, and G ST ¼ 0.118 and G 00 ST ¼ 0:383 for microsatellites, and all were significantly greater than zero ( p , 0.001). Exact tests of population differentiation were also significant for both mtDNA ( p , 0.01) and microsatellites ( p , 0.01 for 19 loci, all of which were significant following Bonferroni correction).
(c) Coalescent analysis
The posterior distributions from the coalescent analysis are indicated in figure 5 . Posterior probabilities of u for the mainland population never returned to zero at large values, but replicate analysis with different upper bounds for this parameter did not appear to influence the posterior distribution for any of the other parameters. Posterior distributions for gene flow were exponentially distributed but differed from that of the prior. Conversion of parameters to demographic scales suggests a much smaller effective size for the Tasmanian population and a very recent divergence from the mainland population, in the order of 3-95 years ago (table 2).
Discussion
The Tasmanian population of A. audax became isolated very recently from the mainland population, contrary to the paradigm of marine transgression-induced vicariance of continental island populations [12, 37, 55] . Coalescent estimates employing 'conventional' avian mitochondrial substitution rates suggest divergence 3-95 years ago. While these divergence dates must be considered an underestimate because the first European sighting of A. audax in Tasmania was documented in 1836 [56] , this likely reflects the lack of unique molecular variation in the Tasmanian population, which confidently refutes divergence times compatible with divergence accompanying the flooding of Bass Strait greater than 13 kya [10] . Furthermore, under time-dependent molecular rates [50, 51, 53] , such an ancient divergence is even less likely. Despite the inferred recency of founding, there was no evidence for subsequent or ongoing gene flow, from coalescent analysis, Bayesian clustering or tests of allele frequency homogeneity. These results suggest that the Tasmanian population was founded appreciably later than the marine transgression that flooded the Bassian plain and severed terrestrial connection to mainland Australia approximately 13 kya [10] .
(a) Colonization via unassisted marine dispersal
The inferred age of lineage divergence and differences in levels of genetic variation appear compatible with marine dispersal by A. audax across a flooded Bass Strait, from the mainland to Tasmania, and the founding of a new population. The record of a vagrant on King Island [31] , if correct, provides evidence of marine dispersal over short time scales, and a single genotype obtained from Flinders Island was also very similar to those in Tasmania, despite the long duration of intervening marine isolation. Individuals on Curtis and Rodondo Islands [57, 58] in Bass Strait are also likely examples of marine dispersal. Examples of marine dispersal of similar or greater magnitude by other raptors (some migratory) are also documented both from direct observations [59, 60] , palaeontological evidence ( [61] , e.g. the swamp harrier, Circus approximans, colonizing New Zealand probably less than 1000 years ago; [62] ), and reconstructions of phylogenetic relationships [63] [64] [65] .
While human-mediated dispersal of accipitrids, and raptors more generally, has occurred in the past for various reasons, for example control of pest populations [66] , it appears unlikely to explain our observations for A. audax. Although A. audax have been trained and kept for hunting [33] , documented sightings from different parts of Tasmania in 1836 [56] would appear to be too early after English colonization in 1803 to be explained by undocumented translocation by Europeans, given a generation time of about 10 years [28] , and low fecundity (no greater than two chicks per annum per pair) [29, 36] . Furthermore, Tasmanian aboriginal names, for example 'Nairana', may apply to A. audax, suggesting an earlier presence in Tasmania, although there is some doubt as to whether this name was ascribed specifically to A. audax or other raptors as well [67] .
(b) The diversity of divergence scenarios observed for continental island and mainland lineages
Our results highlight the possibility that the divergence of terrestrial lineages on a continental island and its adjacent mainland postdate the cessation of the most recent terrestrial connection between these landmasses. Similarly, two of the three other bird species which have been compared genetically between Tasmania and the mainland also exhibit divergences compatible with post-LGM colonization of Tasmania or gene flow with the mainland [15, 16] ; divergence dates for populations of the third species may be explained by recent colonization, but are also compatible with vicariance induced by post-LGM marine transgression [68] . Examples are also emerging in support for the other possible biogeographic scenarios highlighted in figure 1 . Li et al. [14] suggest that divergence of Taiwanese and mainland hwamei (Leucodioptron spp., passerines) was initiated 3.47 Ma, and gene flow occurred between lineages up until 0.52 Ma, after which there was no further genetic exchange. In this instance, the maintenance of genetic isolation through subsequent low sea stands may owe to unfavourable intervening terrestrial habitat, as the lineages have been observed to interbreed following the artificial establishment of sympatric populations. Physical isolation of black-throated laughing thrush (Garrulax chinensis) on Hainan and adjacent mainland China has also been suggested to persist through low sea stands owing to unfavourable intervening habitats, and here the initial divergence occurred in the absence of gene flow [20] . However, in other systems, the most recent marine transgression does indeed provide a good explanation for the isolation of lineages on continental islands, such as among Skyros wall lizards (Podarcis gaigeae) on Greek islands, even though dispersal capabilities demonstrated for other lizards would appear to favour recent gene flow over these marine geographical scales [19] . rspb.royalsocietypublishing.org Proc R Soc B 280: 20132448
Given the results of this study, and others that have applied similar tests when studying related lineages on continental islands and adjacent continents, it appears that the divergence of such lineages cannot be safely assumed to be the product of post-LGM marine transgression and testing of this and alternative hypotheses are required in each instance. It also cautions the assumption of divergence accompanying the post-LGM marine transgression for the calibration of molecular clocks [69] .
(c) Colonization or recolonization?
As we have rejected the hypothesis of vicariance for the divergence of continental island and mainland lineages, an obvious question arises whether A. audax could have been present in Tasmania previously, and the observed divergence from the mainland represents a recolonization. A close phylogenetic relationship is observed between A. audax and Aquila gurneyi from New Guinea and adjacent islands [70, 71] , and if this represents a proxy for the existence of A. audax in Australia, then the amount of cytochrome b sequence divergence between these lineages (average p distance 3.7%; [70] ) rejects the possibility that A. audax is too young to have colonized Tasmania before the LGM. Whereas changes in climate across the LGM have been implicated for extirpation and recolonization of mid-latitude populations in the Northern Hemisphere [72] , they appear to have been less influential on species distributions at similar latitudes in the Southern Hemisphere [73, 74] . Other animals presently distributed in Tasmania and mainland Australia, including prey species of A. audax, exhibit genetic divergences compatible with occupation of Tasmania during glacial periods [24, [75] [76] [77] . Therefore, the hypothesis that we have reconstructed the first arrival in Tasmania of A. audax can only be rejected by fossil or subfossil evidence for an earlier occupation, of which we are unaware.
(d) Taxonomy and conservation
As with many biota on continental islands, the Tasmanian A. audax differs in morphology from that of the adjacent mainland and has been afforded subspecific status. The Tasmanian population also has endangered species status given extinction concerns owing to its small size (1000-1500 birds in 426 breeding territories), loss and disturbance of breeding habitat and high human-induced mortality [29, 78] . However, when describing the subspecies Condon & Amadon [32] noted that they 'found no conclusive evidence in favour of' the size difference suggested by Fleay [33] and suggestions of coloration differences were employed for taxonomic distinction even though only three Tasmanian individuals (all female) were examined. Analysis of 159 and 116 specimens from Tasmania and the mainland, respectively, revealed significant size differences, with Tasmanian individuals indeed larger [34, 35] . However, occasional mainland individuals are as large as those in Tasmania and rapid morphological divergence may also accompany founder events [19, 79, 80] . It has been recommended that the presence of substantial pre-and/or postzygotic isolation be used when defining taxa for conservation purposes [81] , rather than the Taxonomic Species Concept as presently applied to A. a. audax and A. a. fleayi.
While we call into question the present taxonomic distinction of these Aquila lineages, the ecological significance of the Tasmanian population should be quantified before judgements are made regarding its conservation priority, particularly as the time and effort to re-establish such a population using mainland individuals would be onerous. Concomitantly, it is plausible that the Tasmanian population may be suffering from inbreeding depression, and therefore the introduction of mainland individuals to ameliorate any such effects is a potential management action [82] . Inbreeding depression has been previously implicated for the reduced fitness of island relative to mainland populations [83, 84] . There has been significant attention given to fitness of the Tasmanian population given its elevated conservation concern, with observations suggesting lower fledgling success and greater sensitivity to anthropogenic disturbance than mainland populations [85] . The effective inbreeding coefficient for Tasmanian Ne is effective population size, m is mutation rate per generation, t is time since population splitting, and m is migration rate (gene flow).
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A. audax (F e ¼ 0.41) is approaching the point at which increases in F generated during laboratory experiments produced elevated extinction probabilities in benign environments [48] , and inbreeding depression in a wild population is even more likely.
